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Ignition and burning rate data have been developed for thick (25 mm.) black Polycast 
PMMA in a Cone Calorimeter heating assembly. The objective was to establish a testing protocol 
that would lead to the prediction of ignition and burning rate from Cone data. This has been done 
for a thermoplastic like PMMA. For black PMMA we measured ignition temperatures of 250 to 


350 C and vaporization temperatures of approximately 325 to 380 C over irradiance levels of 15 to 


60 kW/m2. The incident flame heat flux, for irradiation levels of 0 to 75 kW/mZ2, was found to be 


approximately 37 kW/m? for black PMMA. Its constancy has been shown due to the geometry of 
the Cone flame. Also, this flame can be shown to be nearly transparent for Cone irradiance 
(greater than 90 percent). The heat of gasification of the black PMMA used was found to be 
approximately 2.8 kJ/g; higher than other values reported for PMMA. This is believed to be due to 
differences in molecular structure or pigmentation effects and the types of PMMA tested. A 
burning rate model was demonstrated to yield good accuracy (greater than 80 percent) in 


comparison to measured transient values. 


Keywords: — burning rate, data, ignition, heat flux, model, PMMA 
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c - specific heat 

E/R - material constant (Eq. 4) 

he - convective heat transfer coefficient 
k - thermal conductivity 

1 - beam length 

L - heat of gasification 

m - mass 

Q - power output 

q - heat flow 

I - stoichiometric oxygen to fuel mass ratio 
T - temperature 

t- time 

y - space coordinate 

Yox, « - ambient oxygen mass fraction 
a - thermal diffusivity 

8 - thermal penetration depth 

AHv - heat of vaporization 

AHc - heat of combustion 

€ - emissivity 

K - absorption-emission coefficient 

p - density 


o - Stefan Boltzmann constant 


E - variable (Eq. 20) 


x, - heat fraction 


Subscript 

c - convective 

cr - critical 

e - external 

fl - flame 

f,c - flame convection 
f,r - flame radiation 
g - gas 

ig - ignition 

oO - initial, ambient 
m - mean 

r - radiative 

s - steady 

sens - sensor 

Vv - vaporization 


w - water 


Superscripts 


(+) - per unit time 


()"- per unit area 
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The objective of this research is to develop transient burning rate models from data derived 
from the Cone Calorimeter [1]. It is sought to do this in a way that is consistent with the testing of 
materials by standard practices. The models will be dependent on the class of materials; namely, 
thermoplastic, charring, dripping, and laminated. Initially, thermoplastics, thick enough to not be 
affected by their substrate and large enough to be considered approximately one-dimensional in 
behavior, will be considered. Black PMMA (25 mm thick) has been chosen as representative of 
this class, and was used in this initial study. 

Ultimately, these burning rate models will be incorporated into fire growth simulations 
[e.g. 2, 3, 4, 5] to give more accurate predictions of hazard. However, the first step is to succeed, 
for at least thick thermoplastics and charring materials, in developing a viable strategy for using the 
Cone data for transient burning rate predictions. 

It is recognized that several studies are seeking to address this objective with modeling 
strategies that differ from that to be presented [6, 7, 8]. We believe our approach is the simplest in 
form and the most reasonable to practically implement. But we do not sacrifice phenomenological 
significance. The model is based on the integral formulation outlined by Quintiere [9], and 
implemented by Quintiere and Iqbal [10] for non-flaming pyrolysis of a thermoplastic. Moreover, 
a very similar and successfully applied pyrolysis model for PMMA has been presented by Agrawal 
and Atreya [11]. The details will follow. 


Approach 
The Cone Calorimeter is a widely used device to measure the mass loss (tm ) and energy 


release (Q ears per unit area under a specified external radiative heat flux. The ratio of these two 


quantities gives the instantaneous heat of combustion (AHc) relative to the gaseous fuel produced 


during flaming combustion. Generally, during flaming combustion, it has been shown that this 


heat of combustion is approximately constant for the material. In the least, it can be measured, and 


is not expected to be scale dependent, i.e. change as a larger area of fuel is burned. Also, except 
for multi-dimensional effects involving seams, joints, edges, etc., the thermal and chemical 


properties of the decomposing material would also be independent of scale. In contrast, the heat 
flux (q ) to the material’s surface would depend on scale and on test conditions in the Cone 


Calorimeter. Hence, it follows that under these one-dimensional burning conditions, 


tm = f(q", thermo-chemical properties) (1) 


and Q =m’ AH,. (2) 


Equation (1) symbolically represents a model involving the surface heat flux and the needed 
properties. We will examine a specific model for a vaporizing thermoplastic-like material. 
Experimentally we shall consider black PMMA. 


A cone heater apparatus was used with a continuous mass loss recording. Both the 
processes of ignition and burning rate were examined between 0 and 75 kW/m? irradiance. In 


order to assess the total heat flux required by Eq. (1), both the external radiant heat flux and the 
flame heat flux were monitored. This was done with a small diameter (3 mm) water cooled 
thermopile type heat flux gage. Measurements were conducted until steady burning. These 
measurements gave two methods for determining the incident flame heat flux (convection plus 
radiation). The first was from the gage directly; the second from steady burning in which Eq. (1) 


reverts to, 
m L (3) 


where 1 is the net surface heat flux, 


and L is the effective heat of gasification. 
The results of these measurements and analyses will be discussed. 


In order to assess the effects of flame absorption on the external radiant flux imposed from 


the cone heater, a simulated sample was employed. This consisted of a glass beaded burner matrix 
with a center slot for the heat flux meter. Methane was supplied at fixed rates in a standard cone 
mounting. Other gases, with different radiative absorbing characteristics will be used in the future. 

The data taken from these experiments were examined in conjunction with ignition and 
burning rate models designed to elucidate the needed thermochemical properties. We concede that 
these properties will be model dependent, but not devoid of physical significance nor in extreme 
conflict with their more precisely derived counterparts. However, we believe the simplicity of 
these models will have potential utility. 

The experimental and modeling details will be reviewed and their results presented. A 
recommended testing protocol for thermoplastics will be presented as a result. Its usefulness will 


be assessed in the future by examining its applicability to other thermoplastics. 


Experimental Apparatus and Measurements 

Figure 1 shows the schematic layout of the burning rate apparatus. A photograph of the 
system is shown in Figure 2. The sample is placed on a standard cone metal holder on a bed of 
Kaowool. The black PMMA (100 mm x 100 mm x 25 mm thick) is constrained at the side edges 
by bonded cardboard. This enables more uniform one-dimensional burning and eliminates side 
burning. The sample has a center hole that allows freedom of movement of the heat flux gage 
during continuous mass loss measurement of the sample. The heat flux gage was cooled with 
water at 65 degrees Celsius to reduce the prospect of condensation. However, condensation and 
re-evaporation of PMMA monomer still occurred. This gave positive and negative respective 
responses to the heat flux gage, independent of the incident heat flux. Also, it was found that 
insulating the gage on its sides minimized extraneous results. In short, this measurement of heat 
flux was not easily accomplished. As a result, we only included the results when these effects 
were minimized the most. 

Figure 3 shows a burning sample which illustrates the typical elongated column flame that 
protrudes through the top of the cone heater. The flame length to effective diameter (sample face) 
ratio is of the order of 4. This is significant in estimating the mean beam length for typical flames 


under the cone heater. 
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Figure 1. Schematic layout of burning rate apparatus 
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Figure 3. Flaming PMMA sample 


Ignition 

The experimental procedure consisted of irradiating the sample at a fixed external flux. A 
non-contacting pilot flame at the edge triggered ignition. In some cases, a fine wire Type K 
thermocouple (.005 inches diameter) was used to measure the surface temperature up to the onset 
of burning. It was mounted on the PMMA by heating the thermocouple wire such that it recessed 


into the surface. A typical result is shown in Figure 4 for an irradiance of 19 kW/m2. Ignition is 


indicated by the sudden step-like increase and the subsequent plateau which indicates the affect of 
the added flame heat flux. We define the temperature at the onset of the “jump” as the ignition 
temperature (T; ,) and at the onset of the plateau as the vaporization temperature (T,). The latter is 
related to the mass loss rate since pyrolysis is more appropriately related to temperature e.g. in 


Arrhenius form given by Vovelle at al. [12], 


ra ~ e ERT (4) 


where E/R is a material constant. We shall alternatively adopt a model which uses a fixed 
vaporization temperature which is valid for large burning rates. Figure 5 shows our results for Tj, 
and T, expressed as functions of external incident radiant heat flux. These temperatures increase 
with heat flux as a result of the behavior expressed by Eq. (4). Thompson and Drysdale [13] make 
a further distinction between flashpoint temperature (at flashing) and firepoint temperature (at 
sustained ignition) for T;,. They report for a horizontal orientation of PMMA a flashpoint of 
approximately 265 degrees Celsius and a fire point of 300 degrees Celsius for external heat fluxes 
of 13 to 35 kW/m2. These are consistent with our ignition temperatures in the same range of heat 
flux, but we did not make this fine of a discrimination. 

Kashiwagi and Omori [14] investigated piloted ignition of two different class PMMA 
samples (75 mm x 75 mm x 13 mm thick): one high molecular weight (MW), “thermally stable”; 
and the other a low MW,, “thermally unstable”. The surface temperatures at piloted ignition ranged 
from 320 to 340 degrees Celsius for the high MW PMMA, and 260 to 270 degrees Celsius for the 


low MW samples irradiated between 10 to 20 kW/m? respectively. The low MW results appear to 
be consistent with Thompson and Drysdale [13] and our results. 
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Figure 4. Surface temperature of black PMMA as a function of time with a 
19 kW/m? external heat flux 
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Figure 5. —_ Ignition and vaporization temperature of black PMMA as a function 
of external heat flux 
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Time to ignite as a function of external radiant flux is given in Figure 6. The standard 
NIST Cone electric spark piloted apparatus gave longer ignition times than our flame piloted 
system. The location of the pilot is probably the reason. The results by Thompson and Drysdale 
[13] are just slightly higher than ours. Other results by Mikkola and Wickman [15] for black 
PMMA are consistent. The ignition times of Kashiwagi and Omori [14] appear to bracket our 
results with the low MW agreeing more at 20 kW/m? and the high MW at 10 kW/m2. They 


measured an ignition time of 900 seconds for the high MW PMMA at approximately 9 kW/m*. We 
have not measured, nor have found in the literature, a measured minimum heat flux for piloted 


ignition of PMMA. 


Burning Rate 
Figures 7 and 8 depict the mass loss rate and net surface heat flux measured by the sensor, 


respectively, for an external radiant flux of 25 kW/m2. These are representative results taken over 
0 to 75 kW/m2. The increase in heat flux initially before ignition is due to convective heating. At 
ignition (~ 90 sec), there is a sharp rise in the burning rate and in the heat flux. The initial flame 
heat flux appears to be approximately 22 kW/m?. We will later conclude that this is low, probably 
due to the deposition of condensable monomer on the heat flux sensor. Condensation can add heat 
to the sensor, but the initial deposition may shield it. Subsequent evaporation of the monomer 
could also reduce the heat flux. These processes undoubtedly affected the accuracy of this 
measurement. The subsequent “jump” at about 240 seconds in Figure 8 is indicative of the 
anomalies experienced in this measurement. Surprisingly, the heat flux gage was very robust, and 
despite deposition, it was within 10 percent of calibration following each test under external radiant 
heat transfer. 

Figures 9 and 10 depict mass loss and surface heat flux to the sensor, respectively, for 
nonflaming conditions at an external radiant heating of 21 kW/m2. The five point running 
differentiation of the mass loss signal does not lead to a smooth mass loss curve at this low range. 


However, the nominal value of 5 g/m2-s at equilibrium is consistent with expected results [14]. 


This radiant heat flux implies a maximum convective flux loss of 4 kW/m? (25 - 21) from Figure 


10 due to the sample heating. For a vaporization temperature of 365 degrees Celsius (Fig. 5), 
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assumed to be the local gas temperature, exposed to the heat flux gage at 65 degrees Celsius, yields 


a convective heat flux coefficient of approximately 13 W/m2-K which is consistent with natural 


convection correlations. No extensive study was done of the nonflaming case. 


Simulated Sample 
A glass bead burner equal to the size of a PMMA sample was used to simulate a burning 


sample. Methane was used as the fuel and the center surface heat flux was measured with the heat 
flux gage. No fouling problems were present for these tests. Figure 11 shows the steady state 
sensor heat flux measurements with an external cone exposure of of 50 kW/m2. The results tend 
to show a constant flame heat flux above the external radiant flux. This is approximately 27 
kW/m? over a range of energy release rates per unit area of 200 to 600 kW/m? consistent with the 
PMMA energy release rates. Thus, despite the increased flame heights, due to increased burning 


rates, the flame heat flux is approximately constant. We will explain this later. 


Models 
The models used in the analyses are based on the presentation of Quintiere and Iqbal [10]. 
These use an integral model for one dimensional unsteady conduction and surface vaporization at a 


fixed temperature. The models are outlined below: 


Preheating to Ignition 
The governing equation is, 
oT__ oT 
cence (fi (5) 
ot dy2 
where, Tr is temperature, 
t is time, 


is distance measured from the surface, 


% is the thermal diffusivity, es 
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Figure 8. _—_Net surface heat flux measured by sensor of black PMMA with a 
25 kW/m? external heat flux 
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Figure 10. Non-flaming net surface heat flux measured by sensor of black PMMA 
with a 25 kW/m? external heat flux 
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Figure 11. Steady state heat flux measured by sensor of methane gas burner with 
a 50 kW/m? external heat flux 


Li 


k is the thermal conductivity, 
p is the density, 


and ‘ is the specific heat. 


Properties are assumed constant. The equation is integrated over 0 < y < 6 where at y = 6, 


T ae 13} (6a) 
and, a” (6b) 
dy 
Aty =0, 
peg eed. T-T T4 7 
a? = € dext - he (T - 0) EO (7) 
where, q. is the net surface heat flux, 
€ is the surface emissivity and absorptivity, 
he is the convective heat transfer coefficient, 
Gext is the external incident radiative heat flux, 
and fe} is the Stefan-Boltzmann constant. 


A quadratic profile is assumed such that the boundary conditions are satisfied: 
7-9-5; .¥P 
T-Ty= 4 | 1 | (8) 


It can be shown that, 
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di he es a. 
d (q'8)=604 (9) 


If we assume q is constant, which is a good assumption for ee high enough, then, 


5=V6 at. (10) 


It has been shown by Abu-Zaid and Atreya [16] that a more complete solution to the above 


problem yields: 


§ = 4/44 at (11) 


where e, was shown to vary between 1.6 at 15 kW/m? to 1.9 at 50 kW/m2. If we take the 


asymptote as 2.0 we obtain the approximate result of Eq. (10). In terms of the fire modeling we 
are attempting, we will sacrifice this accuracy since the solution is approximate anyway. But at 
very low heat fluxes, the error introduced will be greatest. 

Substituting into Eq. (8) at y = 0 gives: 


US Creat 
Tig- To = Spf YOO tig (12) 
tig = 4 (k pc) Bree, (13) 


or, (q iF 


Note that this algorithm also gives a means for computing the surface temperature over time. This 
is done implicitly by selecting T,, computing the corresponding net heat flux, and using Eq. (13) to 
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find the time. Moreover, this result allows a computation of the critical flux, dcr, for ignition by 


extrapolating ignition data for (t; ay. to zero. At this intercept, 


dext = 1 [he (Tig - To) + € © Tig] = der (14) 


From Eq. (7) and (13) the critical flux is found. Eq. (13) is in contrast to the analytical fit to the 


exact solution offered by Janssens [17]: 


” ” koc 0.547 
Gext = él + 0.73 | - | . (15) 
ig 


Burning Rate 
The governing equation for the burning rate problem follows from Eq. (5) which governs 
conduction below the moving vaporizing surface at a fixed vaporization temperature, T,. Hence at 


y =0, 


T=T, (16) 

and also, 
kT = = AH, (17) 

where, im is the mass loss rate per unit area, 
AH, is the heat of vaporization, 

and q is the net surface heat flux. 
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qd =€dentda-€6T% (18) 
where da is the flame heat flux given as: 
dn =€ dar + daic - (19) 


The flame incident radiant heat flux is dar and the convective flux, from a stagnation film flame 


model [9], can be shown as, 


ae tu haees AH. 
die = ¢ | IY, o(1 Xr) = - Cg (Ty - To) (20) 


where, C= 


§ | is the mass transfer "blocking factor" that is one for mn 0, 


Vesee is the ambient mass fraction of oxygen, 

Ye is the flame radiative fraction, 

AH, is the heat of combustion, 

r is the stoichiometric fuel to oxygen mass ratio, 
and Cy is the gas phase specific heat at constant pressure. 


Alternatively, this might be expressed as, 
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dc = | jer - Ty) (21) 


es-] 


where Ty, is an effective flame temperature. 


Note that q in Eq. (18) is different from that defined in Eq. (7). 


Assuming a quadratic profile, 


peal owe je 
Eh(f es 


which satisfies Eqns. (6) and (16). Substituting this profile in Eq. (17) provides, 
tm” AH, =q 24 (Tv - Te) (23) 


where the last term is the conduction heat loss into the solid. Integration of Eq. (5) over y as 


before and substituting Eq. (22) yields, 
dé ,m 20 (24) 


where at ignition T = T, and 6 = 76 & tig = dig. 


If we ignore the dependence of the burning rate on the blocking factor, or if we assume the total 


flame heat flux is constant, Eq. (24) may be solved exactly. It can be shown that, 


AH, | Sig - & “mf 8) (25) 
5, 8, - Sig 
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where 6, = 2K L the steady value (26) 
q 


and L = AH, +c (Ty - To), the heat of gasification. (27) 


It follows that the steady state mass flux is given as, 


Rome 
Ms cL: (28) 


Note, in addition to the flame heat flux, the properties required to obtain a solution are 


E, p, c, k, Ty, (or Tj), and AH, (or L). These must be derivable in a convenient way consistant 


with the burning rate and ignition models. 


Flame Radiation 


The emissivity of a flame can be represented as, 


Eg = 1-e7 Kin (29) 
where, K is the absorption coefficient, 
and ln _1s the mean beam length. 


According to Orloff and deRis [18], « and 1,, can be computed from an algorithm for pool fires. 
By applying their algorithm, it was found than 1,,/R (where R is the radius of the pool fire) is 
asymptotic at 1.3 for our PMMA cone assembly. Here we take 2R = 10 cm., the sample side 
dimension. If we consider a homogeneous grey gas cylindrical flame, 1,, = 0.65(2R) for a flame 
height greater than 4R [19]. Their prescription gives k = 1.4 m -! which compares to 1.3 m -! by 


measurement [20]. Also, Brosmer and Tien [21] consider « = 1.0 m -! for the PMMA fuel layer 


near the surface. An effective radiative flame temperature is reported as 1400 K [20]. This gives a 
flame emissivity of approximately 0.09 for the cone PMMA assembly. It also indicates that this 


£8) 


flame is very transparent (> 91%), and hence we can expect most of the Cone heat radiation to 
penetrate the flame and reach the surface. A cooler fuel layer would have a comparable effect on 
the PMMA flame. Moreover, for flame heights greater than 20 cm., the PMMA flame emissivity is 
approximately constant at 0.09. 


The incident flame radiative heat flux is, 


da,=€n01, ~., (30) 


For T; = 1400 K, we estimate 20 kW/m2. The convective heat flux (assuming a blocking factor of 


1) can also be estimated by Eq. (20) considering, 


h, = 10 W/m?-K AH./r = 13 kJ/g 
cg = 1.0 I/g-K Xr = 0.4 
Y ox. = 0.233 


we find a maximum qf, = 15 kW/m2. Realizing € = 1, this gives 35 kW/m? for qa. 


This will be seen as fortuitously close to our experimental value, and must be viewed in that 
manner. But the constancy of the flame radiation heat flux for samples burning in the Cone 
Calorimeter is justified, and most materials are likely to have very transparent flames with respect 


to the external radiant heating. 


Results 
The experimental results will be analyzed and the models will be applied. We would like to assess 
the accuracy of the models, and their utility for deriving property data for materials tested in the 
Cone Calorimeter. Properties derived from the literature or by direct measurements are given 
below: 


p = 1190 kg/m3 measured 
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k=2.49 x 10°7T + 1.18 x 10°4 kW/m-K [8] 
c= 2.374x 103T+1.1 J/g-K [8] 


a = 8.81 x 10°? m2/s [8] 


Ignition 

Figure 6 shows the data for ignition time as a function of external radiant heat flux. For 
our data, the lines correspond to the application of Eq. (13) with the properties evaluated at a mean 
temperature with respect to T,,,. It appears that better agreement is achieved for a decreasing 
ignition temperature as the external flux decreases. This is consistent with the data of Figure 5. 


Figure 12 shows the same data along with the black PMMA data of Mikkola and Wichman 
[15] taken in the Cone Calorimeter. Fitting the data below 40 kW/m? to a straight line 
corresponding to the theory (Eq. (13)) gives an intercept of approximately 4 kW/m? for the critical 
heat flux. Solving Eq. (14) for T;, with T, = 22 C, h, = 10 W/m? K, and € = 0.95 gives T;, = 
180 C. This is lower than we would like to accept, but we will admit it and will proceed to assess 
its overall effect. Based on the slope of the line, we can also estimate the thermal inertia as 


follows: 
From Eq. (13), 


je _| he (Tig - To) + € 6 Tig | ean 


1 
cy = E 
ie ce Gext 
V z k pc (Tig - To) | 2 k pc (Tig - To) 


Using the slope of the fit line in Figure 12, 


ERS reg = 0.005053. 


| 3k pe (Tis = is) 
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Figure 12. Ignition data for black PMMA 
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Solving for the thermal inertia, 


2 
kpc=2.12 KE _. 
m4-s-K 2 


Since p = 1190 kg/m3 and assuming o = 8.81 x 10°, a constant that can be independantly 


determined, we can find, 


k = 0.432 x 10° 3 kKW_ 
m:K 


and sii py as tL 
kg-K 


This gives a prescription for determining k and c provided & is known. The determination of o is 
still needed, but for most solids, it varies slightly with temperature, and does not vary greatly for 


non-metals. 


Burning Rate 
Since PMMA approximates a vaporizing solid, we consider the application of Eq. (28) to 


the steady state data. The results are plotted in Figure 13 against the external radiant heat flux. The 
data from our apparatus and the NIST Cone Calorimeter are consistent for the black PMMA. 
However, the results of Tewarson and Pion [22] are markedly different for clear PMMA because 
they used a different type of PMMA (Rohm & Hass) compared to ours (Polycast). If the flame 


heat flux is constant, then, 


m L=dex+qn-&€6TS (32a) 
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(Gn = = Ti) (32b) 


ma’ = (1) Gen + 

From Figure 13, 
(1) = 0.361 = 
ores 52 77 ' 


and 


For an average vaporization temperature, T ,, of 643 K based on the measured surface temperatures 
of black PMMA at ignition, and € taken as 0.95, the steady state average flame flux may be 


determined using the above equation. 
dn = 37 kW_. 
m2 


The heat of gasification corresponding to the Tewarson PMMA is 1.67 kJ/g. An 
examination of data from radiant heated PMMA in nitrogen are also shown in Figure 13. These 
correspond to Vovelle et al. [12], Jackson [23] for clear PMMA and Agrawal and Atreya [11] for 
white PMMA. Their L values are 2.2, 1.96 and 2.73 kJ/g in corresponding order. The wide 
disparity between the clear and pigmented PMMA samples must indicate a real difference due to 
composition. This is similar to the variations found by Kashiwagi and Omori for ignition 
properties [14]. 

Figure 14 shows the incident flame plus external heat flux to the PMMA surface plotted 
against the external heat flux. This was done two ways: (1) by sensor measurement, and (2) by 


calculation from the steady mass loss rate data and assuming L = 2.77 kJ/g. From Egns. (18) and 
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Figure 13. Steady state mass loss rate as a function of external heat flux for flaming 
and non-flaming PMMA 
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Figure 14. Calculated and measured flame plus external heat flux as a function of 
external heat flux for black PMMA 
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(21) applied to the sensor at the water temperature, T,,, the net heat flux to the sensor is, 


Seas = d+ don +h “ -|(ta-t9)-oT8 (33) 
e€ = 


Or, 


dyena = dar T, dext + he | : Jr - Ty) + (Ty - Tw) -O TS . (34) 
es - 


The flame and external flux to the PMMA surface measured by the sensor is, 


git dan = dasha Sty 9) +07. (35) 
This “corrected” sensor flux gives the PMMA value at the center of the sample. Our best data with 
indicated variability is plotted as shown in Figure 14. The calculated values come from applying 
Eq. (28) with L = 2.77 kJ/g and T,, corresponding to the measured steady mass loss rate. This 
gives the average flame plus external heat flux to the PMMA surface. It is higher than the sensor 
value either because the center has a lower flux than the calculated average flux, or because the 
sensor has a systematic error. The calculated results yield a constant value for the average flame 
heat flux of approximately 37 kW/m. 

Based on this result of the average flame heat flux, Figures 15, 16, 17 show a comparison 


of calculated mass loss rates compared to data for 25, 50, 75 kW/m2. The mass loss rates are 


calculated using Egns. (23), (25), and the derived properties: 


k = 0.432 x 10° 3 kKW_ 


Tig = Ty = 180 °C m:-K 
2 kg c= 4,12 KI 
L=2.77K1 
g 
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Figure 15. Calculated transient mass loss rates of black PMMA with a 25 kW/m? 
external heat flux 
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Figure 16. Calculated transient mass loss rates of black PMMA with a 50 kW/m? 
external heat flux 
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Figure 17. Calculated transient mass loss rates of black PMMA with a 75 kW/m2 


external heat flux 
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Figure 18. Calculated transient mass loss rates of black PMMA using calculated 
and literature material property values 
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The predictions are at worst 20 percent different from the measured transient burning rate. Figure 
18 shows the variations in the calculation if the more directly measured (literature) values of T,, 


Ts 


ips k and c are used to calculate the mass loss rate, 1.e., 


Tig = 275 - 360 °C Ty = 365 - 385 °C 
k = 0.235 x 10° 3 KW Cer4lo alee 
m:K kg-K 
Conclusions 


A modeling prescription has been developed which can use Cone Calorimeter data to derive 
useful properties needed to predict ignition and transient burning rates for thermoplastic-like 
materials. The level of accuracy has been demonstrated for PMMA. The low critical flux of 
PMMA may have given poorer results for the thermal inertia and ignition temperature than would 
be expected for materials with higher critical fluxes. This is because the ignition model is more 
accurate at higher fluxes. However, the simplicity of the ignition model is advantageous, and can 
be used with greater accuracy at higher heat fluxes to infer the critical flux for ignition without 
direct measurement. 

The flame heat flux for samples in the Cone Calorimeter appears to be constant for a given 


material due to the flame configuration. For black PMMA, this is approximately 37 kW/m2. 


It appears that all PMMA’s are not alike, and pigmented samples may have higher heat of 
gasification values than clear samples. The black Polycast PMMA used in our experiments yielded 
different results from the Rohm & Hass PMMA used by Tewarson [22] and Jackson [23]. 
Likewise, the cast PMMA used by Vovelle [12] yielded different results than the Polycast PMMA. 
This could be due to molecular structure of the sample, as well as the pigmentation. 

A test of this testing prescription should be performed by evaluating several different 
thermoplastic samples. 

The heat flux measurement in the flame had many problems due to deposition of the 
vaporized PMMA. These have not been totally resolved, and appear to be associated with the 
nature of the phenomena and not necessarily the sensor. A higher temperature sensor may prove 


better. 
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